Photoionization mass spectrometry (PIMS) has been used to study the dissociative ionization of three anthropogenic atmospheric aerosol precursors (o-xylene, 2-methylstyrene, indene) and five of their main atmospheric degradation products (o-tolualdehyde, 2-methylphenol, o-toluic acid, phthalic acid, and phthaldialdehyde). Ionization and fragment appearance energies have been experimentally determined in the 7-15 eV photon energy regime. Moreover, intensive ab inito quantum chemical calculations have been performed to compute the first ionization energies and heats of formation of these compounds (including also phthalic anhydride). Several methods have been used, and the theoretical results are compared to the experimental values with the aim to find the best method to predict thermochemical data for similar molecules. The vacuum-UV fragmentation pathways following photoionization are discussed. The results of this work are important with respect to the analytical chemistry of these compounds since their basic gas phase ion energetics data are mostly unknown. They will help in interpreting real-time mass spectrometric measurements used for the study of organic aerosol formation in smog chambers and in the real atmosphere.
Introduction
Atmospheric aerosols are important species with respect to their impact on the radiative forcing on the Earth's climate system. 1 Due to the 2007 report of the Working group 1 of the Intergovernmental Panel on Climate Change (IPCC), which summarizes current understanding of the radiative budget of the atmosphere, the sum of direct and indirect effects is on the same order of magnitude compared to the CO 2 radiative forcing (1.7 W m -2 ), but with the opposite sign. 2 Large uncertainties persist in the aerosol effect, on the order of 0.8 W m -2 for the direct effect and about 1.5 W m -2 for the indirect effect.
Both effects on the climate depend on the complex chemical composition of the aerosols, which contain numerous compounds in extremely variable mixing ratios. Significant amounts of particulate matter are organic in nature, but this fraction is far from being fully characterized. Organic aerosols (OA) can contribute 20-50% of the total fine aerosol mass in continental midlatitudes 3 and up to 90% in tropical highly forested areas or urban areas. 4 OA can be separated into primary organic aerosols (POA) and secondary organic aerosols (SOA). POA are directly emitted to the atmosphere and their sources are mainly biomass burning and combustion processes, 5 whereas SOA are produced from volatile organic compounds (VOCs) in the atmosphere by different oxidation mechanisms. Biogenic VOCs, such as isoprene, monoterpenes, and sesquiterpenes, are the major precursors of biogenic SOA on a global scale. 6 An estimation of the global annual production from biogenic VOCs ranges from 2.5 to 44.5 Tg year -1 organic matter, whereas the production from anthropogenic VOCs (AVOCs) ranges from 0.05 to 2.62 Tg year -1 . 7 However, due to results from recent field studies, the total amount of anthropogenic SOA (ASOA) in our atmosphere is probably underestimated. 8 Indeed, AVOCs such as alkenes, carbonyls, and most frequently aromatic hydrocarbons represent a significant fraction of the organic gas phase component, especially in the polluted urban atmosphere. These compounds can form ASOA following oxidation reactions.
SOA formation has been widely studied in past years, both in the field 8, 9 and in the laboratory 10, 11 where smog chambers are commonly used. Recently, online aerosol mass spectrometry techniques have also been employed to chemically analyze SOA particles. 12, 13 They integrate aerosol sampling, particle sizing, and chemical analysis. Some of them operate with single or resonant photoionization (SPI or RPI) using monochromatic radiation obtained from lasers, at photon energies between 5 and 10.5 eV. [14] [15] [16] [17] We also note that synchrotron radiation has been used to characterize model aerosol particles consisting of pure substances 18 and binary mixtures. 19 When analyzing the online mass spectra of complex mixtures, such as freshly formed SOA particles, it is often very difficult to assign a particular mass peak. Notably, it can be problematical to distinguish between parent and fragment ions. Furthermore, it appears that basic gas phase ion energetics data are often unknown for important compounds involved in SOA chemistry. The limited literature data available, mainly from electron impact mass spectrometric measurements (EIMS) or from photoelectron spectroscopy (PES), suffer often from unsatisfactory accuracy and poor detection sensitivity, resulting in too-high ionization energies (IEs) and too-high fragment appearance energies (AEs), sometimes also together with large experimental error limits. However, accurate data are needed to interpret photoionization mass spectra from experiments relying on monochromatic radiation.
In this paper, we report results of a photoionization mass spectrometry (PIMS) study of three AVOCs: o-xylene, 2-methylstyrene, and indene. Furthermore, five major atmospheric degradation products of these compounds, o-tolualdehyde, 2-methylphenol, o-toluic acid, phthalic acid, and phthaldialdehyde, respectively, have been studied (see Figure 1 ). Synchrotron radiation has been used to measure photoion yield curves of parent and selected fragment ions as a function of the incident photon energy in the 7-15 eV regime. Properties such as IEs and fragment AEs are determined. This technique has been used in the past and has been proven to yield reliable gas phase ion energetics data, even for low volatile compounds. 20 At the same time an effort has been put into the ab initio quantum chemical calculation of the first ionization energies and heats of formation (∆ f H) of these compounds, in order to be able to predict reliably relevant IEs and ∆ f H values for similar molecules. We also included phthalic anhydride in the calculations. This compound represents a chemically related molecule which was not studied experimentally.
All the data, experimental and theoretical, will help to analyze vacuum-ultraviolet (VUV) radiation induced ionization and fragmentation pathways of the formed cations. They thus will facilitate comprehension and interpretation of photoionization mass spectra recorded during SOA formation experiments in smog chambers or mass spectrometric (MS) measurements conducted in the field.
Experimental Details
Mass spectra and photoion yield curves of three AVOCs and five associated atmospheric degradation products were measured between 7 and 15 eV using monochromatic synchrotron radiation obtained from the electron storage ring BESSY II (Berlin, Germany). The general experimental setup and procedures have been reported elsewhere 21 and only a brief summary is given here: We used a 3 m normal incidence monochromator (NIM) connected to a dipole beamline. The monochromator is equipped with a 600 lines/mm grating (Al coated and MgF 2 as protection layer). The nominal (reciprocal) dispersion is 5.55 Å/mm slit width. The effective slit width is the square root of the sum of squares of the entrance and exit slit widths (in our case, 50 and 250 µm, respectively, yielding 255 µm). Thus, the bandwidth of the incident monochromatic radiation is 1.4 Å in all experiments (approximately 12 meV at 10 eV). The experimental step width in a typical photoion yield curve is 10 meV. Completing experiments were performed at the U125/2 undulator beamline at BESSY II which is spectrally more pure and thus better adapted to measurements without cutoff filters. This beamline is equipped with a 10 m NIM.
Monochromatic VUV light was focused into the ionization region of a quadrupole mass spectrometer (QMS, Leybold Q200) where the liquid and solid chemical compounds were introduced by a needle valve yielding typical pressures of about 8 × 10 -6 mbar in the ionization region. Most experiments were carried out using MgF 2 or LiF filters (100% cutoff at 10.8 and 11.8 eV, respectively) in order to suppress high-energy stray light and second-order radiation. The Leybold QMS uses a channeltron for ion detection. Ionization and appearance energies were determined with the aid of semilogarithmic plots of the photoion yield curves (see details in section 4.1).
Chemical compounds were commercial products of the highest available purity and were used without further treatment. For measurements on phthalic acid, the ionization region had to be heated to temperatures of about 120-140°C. We note that this compound shows some thermal degradation after a few minutes at these temperatures, as could be easily observed in the mass spectrum (formation of benzoic acid by loss of CO 2 ). Nevertheless, sufficient quantities of nondegraded phthalic acid remained in the spectrometer to permit the measurements. All other compounds had sufficient vapor pressures to allow for measurements at ambient temperature.
Computational Methods
3.1. Ionization Energies. Adiabatic ionization energies were calculated for all compounds studied experimentally (see Figure  1) , and additionally for phthalic anhydride. The purpose of the calculations was twofold: First, the convergence of the computational methods and orbital basis sets was studied, in order to use them in a predictive way, in this work as well as in future work dealing with similar molecular systems. Second, the calculations were compared to the experimental measurements in order to further assess their interpretation.
All calculations were performed with the Gaussian 03 program. 22 The ionization energies were defined as the energy difference between the cationic and neutral molecules. Adiabatic ionization energies were obtained by relaxing the geometry of the cation. The importance of the inclusion of a zero point energy (ZPE) correction is discussed below.
The following methods were tested for neutral and cationic species: density functional theory (DFT, B3LYP functional 23, 24 ), Møller-Plesset second-order perturbation theory (MP2), 25 as well as third (MP3) 26, 27 and fourth (MP4) orders, 28 and coupled clusters with single and double excitations (CCSD) [29] [30] [31] [32] and including perturbative triples (CCSD(T)). 33 For the cations, unrestricted formalisms were used within perturbation theory (UMP2, UMP3, UMP4) and coupled clusters (UCCSD, UCCS-D(T)). An a posteriori spin contamination correction 34 (PMP2, PMP3) was also applied in conjunction with the UMP2 and UMP3 methods. Alternatively, for considering second-order perturbations, the restricted open-shell formalism (ROMP2) was investigated as well.
The following basis sets were employed with increasing order of size: (1) 6-31G(d,p), 35 (2) 6-311++G**, 36, 37 and (3) ccpVTZ. 38 For a given basis set, the geometries were optimized with the B3LYP density functional. This method, which is less time consuming than post-Hartree-Fock methods, was also used to calculate the ZPE correction. Using these geometries, the energies were calculated at the above-mentioned higher levels and the results were corrected with the B3LYP ZPE. The separation of the geometry optimization and the energy calculation, treated each by two different methods, has been used with success in the past. [39] [40] [41] [42] 3.2. Heats of Formation. The G2MP2 43 and G3B3 44 methods and related approaches have been designed for computing thermochemical properties, such as heats of formation from atomization energies. However, direct application of these methods indicates a tendency for accumulation of errors, 45 which can be high for large molecules as those studied here. Alternatively, to increase accuracy, it was proposed to derive heats of formations from isodesmic reactions (IDRs), and a unique set of such reactions was proposed by means of "bond separation reactions". 46 Later, G2 and DFT were used within this scheme, in conjunction with accurate experimental data for the fragments of the molecule considered. As a result, a mean absolute deviation of 2-6 kJ mol -1 from reference experiments could be obtained from a set of 40 molecules composed of up to six non-hydrogen atoms among H, C, O, and N. 47 In the present paper, the molecules under study contain up to 10 non-hydrogen atoms. The following four methods have been used to calculate their enthalpies through isodesmic reactions: CCSD(T)/6-311++G** single point with B3LYP/ 6-311++G** geometry and vibrational corrections, B3LYP/ 6-311++G**, G2MP2, and G3B3. The isodesmic reactions that have been considered are the following (eqs IDR1-IDR9): In these IDRs, the heats of formation of methane and all other reaction products were taken from ref 47.
Results and Discussion
In section 4.1, a preliminary discussion is given about the experimental threshold determination and the thermochemical interpretation of IEs and AEs, including also the theoretical work performed on the calculations of heats of formation. In section 4.2, we will discuss the ionization and fragmentation behavior of each compound. In section 4.3, the calculations of the IEs are discussed and compared to the experimental ones.
4.1. Threshold Determination and Thermochemical Interpretation of IEs and AEs. 4.1.1. IE and AE Threshold Determination. Photoion yield curves for parent and selected fragment ions are shown in Figures 2-9 on a linear scale. All curves shown are unsmoothed, corrected for grating transmission and the decay of BESSY's storage ring current. In the linear representation, the shape of the ion yield curves is not distorted as it is the case in the semilogarithmic representation. However, we use the semilog plots for the determination of the thresholds of ion formation (IEs and AEs). They are shown as insets in each figure. In the semilog representation, a much better distinction of the noise from a real ion signal is possible and thus the threshold determination is significantly facilitated by using the linear rise of the ion yield above the threshold. This implies that autoionization is of negligible importance, which is valid for large molecular systems. The IEs and AEs are tabulated in Table 1 .
The experimental error limit is estimated from the semilog plots and is found to be on the order of 0.02-0.05 eV, depending on the quality of the ion yield curve (signal-tonoise ratio) and thus finally on the ion signal strength and its rise in the threshold regime. For parent ions, we consider that the ion signal onset determined from PIMS ion yield curves (ours and those cited in the discussion) corresponds to the adiabatic ionization energies, and not to the vertical, if the Franck-Condon factors are favorable for this situation. EIMS ion yield curves are not always displayed in the literature, but IEs measured by this method also correspond, in principle, to the adiabatic IEs. PES ionization energies found in the literature can be adiabatic or vertical, depending on the evaluation of the authors. This has been taken into account when they are compared to the present PIMS values.
Thermochemical Interpretation of Measured IEs and AEs.
The thermochemistry of a particular fragmentation channel (eq 1) is described by eq 2. We emphasize that our IE and AE values are considered to be upper limit values, since we do not make use of coincidence techniques with threshold photoelectrons (TPEPICO). For heats of formation of fragment cations m 1 + , in particular, we therefore use systematically the superscript "app" (for apparent, cf. eq 2) since AEs are subject to additional shifts (see below).
In eqs 1 and 2, m i are the neutral products formed in the fragmentation reaction, eq 1. In principle, the thermal energy content of the parent neutral (E th ) has to be subtracted from the measured IEs and AEs. On the contrary, activation barriers of photodissociation reactions lead to the measurement of too-high AEs. A fragment AE can in addition be subject to a substantial kinetic shift, ∆E kin , again leading to a too-high AE value (also Franck-Condon factors may be poor). The magnitude of ∆E kin is difficult to know without supplementary experiments and/or dynamic calculations. 48 However, we indicate that ∆E kin and E th can, at least in part, be canceled out since they shift the AE towards opposite directions. This can yield, in fine, fairly accurate values as has been noted in ref 49 . Earlier work performed on PAHs also indicates that ∆E kin (with the rate constant k going from 10 2 to 10 4 s -1 ) and E th are of comparable extent for molecules of our size, within a factor of about 2. 50 That is why we did not attempt any AE correction, but just use measured AEs as read from the yield curves. We finally note that all AEs determined in this study are nevertheless lower than or equal to existing literature data. Dynamic calculations will be performed in the future in order to correctly account for kinetic effects.
The apparent heats of formation ∆ f H app of fragment cations m 1 + are listed in Table 1 . They are determined adopting the ion convention (also called the "stationary electron convention").
This convention is widely used including the compilation of Lias et al. 51 The ∆ f H values of involved neutral species were taken from the literature (cf. Table 2 ). In two cases, for o-tolualdehyde and phthaldialdehyde, we used our calculated ∆ f H values (cf. section 4.1.3) since experimental data are unknown to our knowledge. An ion m 1 + can be formed by different possible fragmentation pathways where several neutral fragments m i might have to be considered (including their isomers). If the heat of formation of m 1 + is known, one can compare it to the experimentally determined ∆ f H app , which often permits an assignment of a particular fragmentation channel or conclusions on the chemical structure of the ion that is formed.
Theoretical Calculation of Heats of Formation of Parent Neutrals.
The results obtained for the calculation of heats of formation are shown in Table 2 . From comparison of the calculated results with the known experimental data for o-xylene, 2-methylstyrene, indene, 2-methylphenol, phthalic acid, phthalic anhydride, and o-toluic acid, we found the best agreement with the G2MP2 and G3B3 methods; the results of the two latter methods were in fact very close. This is not surprising since the "G" methods have been especially developed for accurate thermochemical calculations and were already found to work satisfactorily well for medium-size hydrocarbons. 45, 52, 53 It has also been shown that further accuracy can only be achieved at significantly higher calculation times by extrapolation of the method and the basis set. 54 However, these methods are presently not affordable for the molecules considered in this work, because of a too-high calculation time. In the discussion of section 4.2 we assume an error limit of 5 kJ mol -1 corresponding to the observed mean deviation from experimental data known from the literature (cf. 18, and 20 eV). In Table 1 we show relative ion intensities at the photon energy E ) 15 eV (λ ) 82.66 nm), in comparison with 70 eV electron impact mass spectra from the NIST database. 55 The 13 C isotopomers of the parent cations are excluded in Table 1 . We consider it useful to compare the fragmentation patterns of our PI mass spectra to the widely used 70 eV EI mass spectra of the NIST database, even though artifacts, such as different ion transmission efficiencies of the mass analyzers, might obstruct a meaningful comparison. The 15 eV PI and 70 eV EI mass spectra are of essentially the same fragments; however, their relative intensities are different (cf. Table 1 ). These differences are discussed in the text where useful.
4.2.1. o-Xylene, C 8 H 10 . The mass spectrum of this compound shows only four ions at E ) 15 eV, at m/z ) 106, 105, 92, and 91. The m/z ) 91 ion is the most intense mass peak, in both our 15 eV PIMS and in the 70 eV EIMS. The higher parent ion intensity (m/z ) 106) in the EIMS might be due to different ion transmission characteristics of the mass analyzers. Another reason could be a lower partial cross section for dissociative ionization in the EI mode, due to inefficient inelastic scattering of the electrons.
Our measured value for the ionization energy of o-xylene (using a MgF 2 filter), is 8.47 ( 0.03 eV (cf. Figure 2a,b ). An earlier PIMS measurement by Watanabe gave IE ) 8.56 ( 0.01 eV. 56 Later, other groups used EI measurements (IE ) 8.85 ( 0.05 eV 57 ) and PES (IE vert ) 8.45 ( 0.02 eV 58 ). The PES value from ref 58 is the vertical IE, but the adiabatic value is approximately the same, since the rise of the first PES band is very sharp, as can be seen from the PE spectrum. This is in agreement with our theoretical results on the geometry change during ionization being insignificant for this molecule (see section 4.3). Our IE value is 0.11 eV lower than Watanabe's, probably due to a better detection sensitivity of our instrumental setup. Using the known heat of formation of the neutral (∆ f H(oxylene) ) 19.0 ( 1.1 kJ mol -1 ), 59 we determine the heat of formation of C 8 H 10
Below 15 eV, two fragmentation reactions are dominant: We measured an onset energy for the C 7 H 7 + cation (m/z ) 91) to be AE ) 10.89 ( 0.05 eV (using the LiF filter, cf. Figure  2c,d ). This agrees well with the value 11.10 ( 0.05 eV from ref 60, with the difference being possibly due to a lower detection sensitivity in the older measurements leading to a high ∆E kin . We mention also an electron impact value of 11.2 ( 0.1 eV from ref 61. Using our new AE and the heat of formation of CH 3 from Table 2 , we can calculate the apparent heat of formation of C 7 H 7 + formed in the dissociative ionization of o-xylene to be ∆ f H app (C 7 H 7 + ) ) 924.13 ( 7 kJ mol -1 . This is approximately the same value that is found when C 7 H 7 + is formed from dissociative photoionization of other cyclic and bicyclic precursors. 21 We thus suggest that the ion has a similar structure which could be either the tropylium ion structure (∆ f H(Tr-C 7 H 7 + ) ) 849 kJ mol -1 ) 51 or the benzylium ion structure (∆ f H(Bz-C 7 H 7 + ) ) 899 kJ mol -1 ) 51 . The difference from the ∆ f H app value determined in this study is possibly due a remaining kinetic energy shift.
The m/z ) 92 ion is most certainly the 13 C isotopomer of the m/z ) 91 cation, since its intensity is 8% of the latter, corresponding almost exactly to the expected value (7.7%). We also attempted to measure its appearance energy (without LiF filter), and it is found to be roughly 11 eV, which confirms this assumption. Table 1 ). In the 12 eV mass spectrum (not shown), most of the fragment ions have vanished or have very low intensity, except for m/z ) 117 which is still the strongest ion. In the E ) 20 eV PIMS, the fragment ions m/z ) 77 (probably the phenyl cation C 6 H 5 + ), 65 (C 5 H 5 + ), 53 (C 4 H 5 + ), and 39 (C 3 H 3 + ) also appear. The latter four ions are typical fragments of aromatic monocycles like toluene 21 and are also observed in the 70 eV EI mass spectrum. 55 For the parent ion of 2-methylstyrene, m/z ) 118, we measured an ionization energy of IE ) 8.17 ( 0.03 eV (Figure  3a ,b; measured with LiF filter). Our value is in excellent agreement with the adiabatic IE determined from the PE spectrum (IE ad ) 8.20 ( 0.02 eV). 58 The vertical IE is found to be IE vert ) 8.50 eV. 58 This behavior is in accordance with our calculations which indicate a significant geometry change during ionization (see section 4.3 and Figure 10 ). We calculate
The appearance energy of the intense C 9 H 9 + ion (m/z ) 117), formed by H-loss reaction, is AE ) 10.98 ( 0.03 eV. Its photoion yield curve shown in Figure 3c ,d has been measured without a LiF filter. Additional measurement with a LiF filter are in full agreement with this value. Using the experimental heat of formation of 2-methylstyrene (cf. Table 2 ), we can determine its apparent heat of formation to be ∆ f H app (C 9 H 9 + ) ) 959.8 ( 3 kJ mol -1 . The structure of this ion has been investigated by Köppel et al., 62 who studied its formation by dissociative EI ionization from different precursors, including R-methylstyrene, where the methyl group is attached to the vinyl substituent, and 4-methylstyrene. These authors also estimated heats of formation for different isomeric structures. Our ∆ f H app (C 9 H 9 + ) value coincides either with a vinyl-substituted tropylium ion proposed in ref 62, or with a value determined by proton affinity measurements of 1-ethynyl-4-methylbenzene (951 kJ mol -1 ). 51 New ∆ f H calculations of this ion are probably necessary to clarify definitely its structure when formed from 2-methylstyrene or similar precursors.
The appearance energy of the C 7 H 7 + cation (m/z ) 91) formed in the dissociative photionization of 2-methylstyrene is determined to be AE ) 12.56 ( 0.1 eV (Figure 3e ,f; reaction 5).
Assuming that the neutral fragment C 2 H 3 is the vinyl radical and taking its tabulated heat of formation (see Table 2 ), we can calculate ∆ f H app (C 7 H 7 + ) ) 1031.3 ( 15 kJ mol -1 . This is a relatively high value compared to that of the tropylium or benzylium ion, indicating that C 7 H 7 + formed in reaction 5 might have an open chain structure (cf. ref 21) or that reaction 5 is related to a large kinetic shift. Additional theoretical work is necessary to clarify this.
The appearance of the weak ions m/z ) 116, 115, 105, and 103 (reactions 6-9) has been observed by recording a series of mass spectra at 10, 11, 12, 13, 14, and 15 eV (not shown). Their structures remain to be clarified in the future. Schwarz and Bohlmann measured AEs of the C 9 H 7 + ion (m/z ) 115), formed by dissociative EI ionization of different neutral precursors including indene (but not 2-methylstyrene, see also below). 63 Several structures have been proposed for this ion, but no final conclusion could be drawn as to which C 9 H 7 + isomer had been formed in their experiments. Earlier work proposed an ethynyl-substituted tropylium ion to be the carrier of mass peak m/z ) 115. 64 The C 8 H 9 + ion (m/z ) 105) could be a methyl-substituted tropylium or benzylium ion.
4.2.3. Indene, C 9 H 8 . Our 15 eV PI mass spectrum shows only two ions, the parent ion (m/z ) 116) and the intense fragment ion C 9 H 7 + corresponding to the H-loss reaction of this compound. At 20 eV an additional fragment ion, m/z ) 89, is observed. The PIMS value for the ionization energy of indene, measured with the LiF filter, is found to be IE ) 8.05 ( 0.03 eV (cf. Figure 4a,b) . This is much lower than the electron impact value, 8.33 ( 0.01 eV, given by Rakita et al. 65 and IE vert ) 8.16 ( 0.015 eV obtained by the most recent PE-spectral measurement. 66 It can be concluded from the sharp onset of the high resolution PE spectrum that the adiabatic IE is very close to IE vert , at approximately 8.10 eV. 66 Using our IE value, we calculate a new heat of formation of this ion, to be ∆ f H(indene + ) ) 939.7 ( 4 kJ mol -1 . The indene parent ion yield curve shows some structure, between 9.2 and 10 eV. The observed bands probably correspond to Rydberg transitions converging to the third ionization limit, found at 10.29 eV. 66 The appearance energy of the C 9 H 7 + ion (m/z ) 115), corresponding to the H-loss reaction of the indene cation, could not be determined because of the very smooth onset in the photoion yield curve of this ion (cf. Figure 4c) . However, in a mass spectrum recorded with zero-order light of the grating and applying a LiF filter (E < 11.8 eV), this ion is not visible (meaning AE > 11.8 eV). On the contrary, the AE found from an older EI measurement 64 (12.53 eV) is probably too high. An ethynyl tropylium ion structure has been proposed for this ion. 64 Whether an ionized indenyl radical is the carrier of m/z ) 115 formed from the indene parent cation cannot be decided without new data on the heat of formation of this species.
o-Tolualdehyde, C 8 H 8 O.
According to smog chamber experiments, o-tolualdehyde (or 2-methylbenzaldehyde) is a degradation product of 2-methylstyrene 67 and also of o-xylene. 68 Its 15 eV PI mass spectrum shows four ions: the parent ion (m/z ) 120); the fragment ion m/z )119, corresponding to the H-loss reaction; the m/z ) 92 ion; and the m/z ) 91 ion, which is the most intense. The 18 eV PI mass spectrum shows an additional ion, at m/z ) 65. The 70 eV EI mass spectrum from the NIST database shows additional intense ions at m/z ) 63, 51, and 39 (see Table 1 ).
Photoion yield curves of o-tolualdehyde are shown in Figure  5 . Our PIMS ionization energy of this molecule, measured with the MgF 2 filter, is found to be IE ) 8.75 ( 0.03 eV (Figure  5a,b) . No literature data were available for its ionization energy. The experimental heat of formation of neutral o-tolualdehyde is unknown to our knowledge, so we used our calculated ∆ f H for the parent ion (G3B3 method, see Table 2 ) to deduce ∆ f H(otolualdehyde + ) ) 786 ( 8 kJ mol -1 . Here, the error limit corresponds to the uncertainty of the calculations (cf. section 4.1.3), which adds to the experimental error limit. We note that the isomer p-tolualdehyde has a significantly higher ionization energy (9.33 ( 0.05 eV). 51 The appearance energy of the major fragment ion m/z ) 91 is determined to be AE ) 8.78 ( 0.03 eV (Figure 5c,d) . At approximately the same energy, the parent ion yield curve shows an inflection and continues to rise less steeply (cf. Figure 5b 
Using our calculated ∆ f H for o-tolualdehyde, we can determine ∆ f H app (C 7 H 7 + ) ) 745.4 ( 8 kJ mol -1 according to reaction 10. This is a lot lower than values of either the tropylium (849 kJ mol -1 ) 51 or the benzylium ion (899 kJ mol -1 ). 51 This is surprising since Tr-C 7 H 7 + and Bz-C 7 H 7 + are thought to be the lowest energy structures of C 7 H 7 + . Formation of COH in reaction 10 is unlikely since calculations performed for this species indicate that its ∆ f H is much higher than that of HCO. Assuming successive loss of CO and H leads to an even lower ∆ f H app value for C 7 H 7 + . Another origin for this disagreement could be a false calculation of the ∆ f H of neutral o-tolualdehyde, being too low by about 100 kJ mol -1 . This is, however, also not very likely since the ∆ f H calculations for the molecules under study are very coherent and the methods used have been proven in the past to give satisfactory results. A syn isomer has also been considered in the calculations (not shown in Table  2 ), with the oxygen atom pointing towards the methyl group. However, its ∆ f H is "only" 3 kJ mol -1 lower than that of the anti isomer shown in Figure 1 . Finally, we considered ion pair formation according to reaction 11:
However, the ∆ f H app (C 7 H 7 + ) would still be significantly below (∼70 kJ mol -1 ) the ∆ f H values of Tr-C 7 H 7 + and Bz-C 7 H 7 + since the electron affinity of HCO is known to be 30.2 kJ mol -1 . 51 Thus, at present, we cannot give a satisfactory explanation for the very low ∆ f H app (C 7 H 7 + ) when C 7 H 7 + is formed from o-tolualdehyde. This is an interesting point to be studied in the future.
The intensity of the m/z ) 92 ion is at 20% of the m/z ) 91 ion. This is significantly above the expected intensity of a 13 C isotopomer of C 7 H 7 + . We conclude that other fragmentation channels could contribute to the observed ion intensity of m/z ) 92, such as reaction 12:
We also measured the appearance energy of the m/z ) 65 ion to be at 15.7 ( 0.1 eV (Figure 5e,f) . This ion (C 5 H 5 + ) is probably formed by C 2 H 2 loss of the C 7 H 7 + ion as it is the case for toluene and xylene isomers. We deduce ∆ f H app (C 5 H 5 + ) ) 1186.4 ( 15 kJ mol -1 assuming HCO and C 2 H 2 loss. This is a little higher than values from the literature (1012-1158 kJ mol -1 , depending on the isomer). 21 4.2.5. 2-Methylphenol, C 7 H 8 O. 2-Methylphenol, also wellknown as a disinfectant ("o-cresol"), is a major degradation product of 2-methylstyrene in the atmosphere. 67 Its 15 eV PI mass spectrum shows eight ions (cf. Figure 6a,b) . This value is in excellent agreement with the EI ionization energy measurement reported by Russel et al. 69 (8.14 eV, experimental uncertainty is estimated to be 0.1-0.2 eV). We mention the much higher EI ionization value published by Selim et al., who measured IE ) 8.46 ( 0.06 eV. 70 An older PES value obtained by Maier and Turner yielded IE ad ) 8.24 ( 0.02 eV. 71 Using the IE from this work, we can deduce the heat of formation of the 2-methylphenol cation to be ∆ f H(2-methylphenol + ) ) 663.3 ( 2 kJ mol -1 .
Our appearance energy measurement for the C 7 H 7 O + ion (m/z ) 107, formed by H-loss reaction) is AE ) 11.33 ( 0.1 eV + ) ) 923.4 ( 10 kJ mol -1 assuming loss of the OH radical. This leads us to assume a tropylium or benzylium structure for this ion.
We also measured the appearance energy of the m/z ) 90 cation to be AE ) 11.57 ( 0.1 eV (ion yield curve not shown). Assuming water loss, we determine ∆ f H app (C 7 H 6 + ) ) 1234.2 ( 10 kJ mol -1 . The structure of this ion, however, remains to be specified. Estimations for two C 7 H 6 + isomers are on the same order of magnitude compared to the present measurement (1150 and "<1223" kJ mol -1 ) 51 and thus corroborate the hypothesis of H 2 O loss.
We measured the AE value of the C 6 H 7 + ion (m/z ) 79) to be AE ) 11.33 ( 0.1 eV (ion yield curve not shown), in excellent agreement with ref 69 . This ion is most probably formed by loss of H and CO from the parent cation (reaction 13), since the corresponding ∆ f H app (C 6 H 7 + ) ) 861.7 ( 10 kJ mol -1 is in excellent agreement with ∆ f H(C 6 H 7 + ) ) 854 kJ mol -1 calculated from the proton affinity of benzene. 51
Our results thus suggest that C 6 H 7 + formed by reaction 13 has the ring-retaining, "protonated benzene" structure. Open chain structures for C 6 H 7 + can probably be excluded since they have much higher heats of formation. 51 An AE value for the C 6 H 5 + ion is given in ref 70 (14. 86 ( 0.09 eV). The ion is probably formed by loss of OH and CH 2 (reaction 14) since the deduced ∆ f H app (C 6 H 5 + ) ) 1132.4 ( 10 kJ mol -1 is in excellent agreement with literature values of phenyl + . 51
Other In the atmosphere, o-toluic acid is the major degradation product of 2-methylstyrene, as can be concluded from SOA formation experiments in a smog chamber. 67 In its PI mass spectrum recorded with zero-order light of the grating and applying the LiF filter, only two ions are present: the parent ion (m/z ) 136), which is the most abundant ion, and the fragment ion m/z ) 118, with approximately 15% relative intensity of the parent cation. The ion m/z ) 119 is most probably the 13 C isotopomer since its intensity relative to m/z ) 118 corresponds exactly to the expected value for an isotopic ion (8.8%). However, at 20 eV EI the ion m/z ) 119 is much stronger than the expected 13 C isotopic mass peak, indicating additional pathways leading to its formation. The ions 91, 90, and 89 are not present in the mass spectrum obtained with zero-order light from the monochromator (plus LiF filter), indicating that these ions are formed above 11.8 eV (cf. Figure 7a,b) . Only an earlier PES value is available in the literature, IE vert ) 9.1 eV, 72 being higher than our PI value (neither the adiabatic IE is given, nor the PE spectrum is displayed in ref 72). The gas phase heat of formation of the parent molecule is known from experiment (cf. Table 2 ); we can thus determine ∆ f H(o-toluic acid + ) ) 541 ( 4 kJ mol -1 .
The appearance energy of the intense m/z ) 118 ion, which is most probably formed by the loss of H 2 O, is AE ) 10.17 ( 0.05 eV (cf. Figure 7c,d ). We deduce ∆ f H app (C 8 H 6 O + ) ) 902.5 ( 7 kJ mol -1 . No data are found in the literature for C 8 H 6 O + .
Phthaldialdehyde, C 8 H 6 O 2 .
In the atmosphere, phthaldialdehyde is a major oxidation product of indene and 2-methylstyrene, according to smog chamber experiments. 67 Our 15 eV PI mass spectrum shows five strong ions (m/z ) 134, 106, 105, 78, 77) and four weak ions (m/z ) 107, 79, 76, 51 (cf. Table 1 ). All these ions are also found in the 20 eV EI mass spectrum 55 where, additionally, the m/z ) 50, 39, and a few other weak ions are observed.
Our PIMS ionization energy is found at IE ) 9.21 ( 0.03 eV (cf. Figure 8a,b) . No thermodynamic data are available for this compound to our knowledge. Using the calculated ∆ f H for phthaldialdehyde (G3B3 method, Table 2 ), we deduce ∆ f H(phthaldialdehyde + ) ) 759.3 ( 8 kJ mol -1 .
We measured the appearance energy of the m/z ) 106 ion, probably formed by loss of a CO molecule (and not C 2 H 4 ), to be AE(C 7 H 6 O + ) ) 9.95 eV ( 0.1 eV (cf. Figure 8c,d ; measured with LiF filter). We determined ∆ f H app (C 7 H 6 O + ) ) 941.2 ( 15 kJ mol -1 , which is relatively close to a value found for ionized cycloheptatrienon (903 kJ mol -1 ), 51 indicating that C 7 H 6 O + formed from phthaldialdehyde might have this structure. The AE of the m/z ) 105 ion, possibly formed by loss of the formyl radical, is found at AE(C 7 H 5 O + ) ) 10.6 ( 0.2 eV (ion yield curve not shown; measured with LiF filter) from which ∆ f H app (C 7 H 5 O + ) ) 849.9 ( 25 kJ mol -1 . This is in disagreement with a value found for ionized CO-substituted benzene (705 ( 6 kJ mol -1 ). 51 Additional calculations are necessary in order to derive the structure of the ions m/z ) 106 and 105.
Phthalic acid, C 8 H 6 O 4 .
In the atmosphere, phthalic acid is a major oxidation product of indene, according to smog chamber experiments. 67 The 15 eV PI mass spectrum shows four ions, with m/z ) 166, 148, 104, and 76. As discussed in section 2, the 15 eV PI mass spectrum also contains mass peaks form benzoic acid, formed by thermal decomposition of phthalic acid inside the ionization region (mainly m/z ) 122 and 105; not listed in Table 1 ).
The PIMS ionization energy measured for this compound is 9.42 ( 0.03 eV (cf. Figure 9a ,b). We deduce ∆ f H(phthalic acid + ) ) 257.6 ( 4 kJ mol -1 . No gas phase ion energetics data are available for this compound in the literature. We note however, that the IEs of the isomers 1,3-and 1,4-benzenedicarboylic acid can be found in ref 51 (9. 98 ( 0.2 and 9.86 ( 0.2 eV, respectively). As is the case for o-tolualdehyde, the substituent in the ortho position reduces the IE by several hundred millielectronvolts. Theoretical work is in progress to understand this considerable shift.
The appearance energy of the m/z ) 148 ion has been determined to be AE ) 10.1 ( 0.1 eV (ion yield curve not shown). This ion is probably formed by loss of a water molecule from the parent cation to give rise to the formation of a phthalic anhydride cation (C 6 H 4 O 3 + ). However, we cannot exclude that our m/z ) 148 mass peak might be, at least in part, due to ionization of neutral phthalic anhydride formed by thermal dehydration of phthalic acid in the ionization region (IE vert (phthalic anhydride) ) 10.25 ( 0.05 eV 73 ).
Additional loss of CO 2 and CO produces the ions m/z ) 104 and 76. The ion yield curves of these two ions have not been measured. The m/z ) 104 ion is visible in a zero-order mass spectrum (plus LiF filter); its AE has thus to be below 11.8 eV. Ionization Energies. 4.3.1 . Geometries. The geometries were optimized with B3LYP functional and the three above-mentioned basis sets.
Ab Initio Calculations of Adiabatic
The stationary points were all minima. In Figure 10 we show results obtained with the B3LYP/6-311++G** basis set, which are quite similar to those obtained with the other two basis sets. We only show those molecules where the geometry change from the neutral to the cation is significant, i.e., 2-methylstyrene, 2-methylphenol, and phthalic acid.
For the following systems the carbon backbone was found to be nearly planar, both for the neutral and for the cationic system: o-tolualdehyde, 2-methylphenol, phthalic anhydride, o-toluic acid, phthaldialehyde, indene, and o-xylene. In neutral 2-methylstyrene the (trans) vinyl substituent is slightly inclined out of the cycle plane, whereas in the cationic form the vinyl group is coplanar with the cycle. In neutral phthalic acid, the carbonyl oxygen of the first acid function, which is inclined with respect to the cycle plane by 131.2°, is slightly hydrogenbonded (d O-H ) 3.33 Å) with the hydroxide of the second acid function being also inclined with respect to the cycle plane, by 23.3°. In cationic phthalic acid the inclination of the first acid function is even more pronounced, now being almost perpendicular to both the cycle and the second acid function which is almost coplanar to the cycle.
Adiabatic Ionization Energies.
All numerical results for the adiabatic ionization energies are reported in Table 3 . First, it should be noted that the B3LYP ZPE corrections are very close (∆ < 15 meV) for the neutral molecule and its respective adiabatic cation in the following cases: 2-methylstyrene 2-methylphenol, phthalic acid, and indene (cf. Table 3 ). On the other hand, for o-tolualdehyde, phthalic anhydride, o-toluic acid, phthaldialdehyde, and o-xylene, the ZPE correction for the neutral and the cation can differ by up to 100 meV. We conclude that neglecting the ZPE for this kind of molecules, as proposed in ref 39 for nucleobases, could be a significant source of error. In the present work, the ZPE corrections were taken into account at the B3LYP level of the calculations.
Clearly, a more important factor acting on the accuracy of the IE values is the choice of (a) the method for the single point energy calculation and (b) the basis set. The significant variation of the calculated IE which we observe when changing method and basis set (up to several hundred millielectronvolts, cf. Table  3 ) actually underlines the importance of studying the convergence of the calculations in order to get confidence in the results.
Method Comparison for the Calculation of Adiabatic Ionization Energies: Density Functional
Theory. B3LYP density functional often gives quite reasonable results for the ionization energies. The deviation with respect to the experimental value is usually about 0.2 eV or better provided that the basis set is large enough (6-311++G** and cc-pVTZ are clearly better than 6-31G(d,p)). This indicates that polarization and diffuse functions are important. For phthalic acid the calculated deviations from the experiment are found to be larger (-0.31 and -0.42 eV). The reason for this is that the cation has two configurations with -spin interaction, with the following amplitudes at the CCSD(T)/6-311++G** level: 0.26 and -0.21. This indicates a nonnegligible multireference character which is known to be a challenge for density functionals as well as for wave-functionbased single reference methods used in the present work. To a smaller extent, in cationic o-tolualdehyde, two configurations show evidence of R-R and -spin interactions, with amplitudes 0.11 and 0.11, respectively. In cationic 2-methylstyrene, one configuration shows R-R spin interaction, with an amplitude of 0.10.
Method Comparison for the Calculation of Adiabatic Ionization Energies: WaVe Function Methods.
In order to further improve these results in a systematic way, we investigated the Figure 10 . Geometries of the neutral molecules (N) and parent cations (Cat.), optimized using DFT (B3LYP functional/6-311++G** basis set). We only show those molecules where the geometry change is significant. The algebraic dihedral angle (123) is formed by three ordered bonds: bonds 1 and 3 are those connected by the rounded line drawn in the picture, and bond 2 is the one lying between them. IE calculations with wave function methods, by increasing gradually the complexity in the following order: MP2 < MP3 < MP4 e CCSD < CCSD(T). As a general trend, we found that, for a given basis set, the discrepancy with the experiment is decreasing (in algebraic value) with the level of the method. The exception is phthaldialdehyde, where the deviation using the UMP3 method is much larger than when using UMP2, thus showing a nonmonotonic behavior of the perturbation series. Moreover, the sign of the discrepancy with respect to the experiment was sometimes found to vary by increasing the level of the method for a given basis set, which can be understood by the fact that no variational principle is available for the IEs, and that the convergence of the results has not been fully reached.
The UMP2 results overestimate seriously the IEs due to spin contamination of the cation. A similar conclusion was drawn for DNA/RNA bases, which contain aromatic rings as well, in the work reported in refs 74 and 75. Our deviation to the experiment can reach up to 0.71 eV (indene), versus 0.80 eV in ref 74 and 0.9 eV in ref 75. We point out the exception of o-tolualdehyde in our case, where the discrepancy can be as large as 1.94 eV even though this error is reduced significantly by improving the method.
As is the case in the work presented in refs 74 and 75, the spin contamination error could be significantly reduced by using the projection technique of Schlegel 34 (to 0.02-0.21 eV in our case with PMP2/6-311++G**). We still mention the exception of o-tolualdehyde, where the PMP2 error (0.60 eV) remains large in those conditions, even if it has been greatly reduced with respect to the UMP2 method (1.17 eV) .
The restricted open-shell (ROHF) reference wave function was used as a possible alternative. It was found to improve the results yielding 0.00-0.23 eV deviation from the experiment, depending on the molecule (cf. Table 3, ROMP2/6-311++G**). Similar trends were obtained by Cauët et al. 39 We still keep the exception of o-tolualdehyde ranging outside the mentioned error regime, i.e., 0.35 eV error.
It is noteworthy that projected second-order results are often better than projected third-order results (see, for example, PMP3/ 6-311++G** yielding relatively large errors, from -0.255 to 0.53 eV). The MP4/6-311++G** results (-0.163 to 0.73 eV error domain) are sometimes an improvement with respect to MP3, and sometimes a deterioration, depending on whether the IE of the considered molecule was located above or below the experimental value at third order. The same applies to the CCSD (-0.282 to 0.66 eV error domain) and CCSD(T) methods (-0.146 to 0.36 eV) where the improvement with respect to MP4 is not systematic.
4.3.3. Basis Set Effects. Density functionals are known to converge relatively fast with the basis set. This is also the case in our calculations (cf. Table 3 ). Concerning wave function calculations, however, the convergence with the basis set is not so fast. It can be concluded, by inspection of the results, that the convergence has not been achieved for the systems presently studied with the 6-311++G** basis set. This is of course due to a practical limitation: the large number of electrons , combined with the high scaling of the methods used (N 5 for MP2 to N 7 for CCSD(T), N being proportional to the size of the system). As a consequence, a close agreement with the experimental data will only be obtained through favorable error cancelations. It can be seen that the results are poor if the basis set is too small (6-31G(d,p) ), especially when the method is of high level (CCSD(T)). Thus, if the basis set is small, it is not of much use to refine the method too much. In conclusion, one has to find a balance between the size of the basis and the level of the method.
For the molecules under study here, the results with the 6-31G(d,p) basis set are clearly not good enough, whereas they are significantly better with the 6-311++G** basis set which contains diffuse, and additional polarization functions. Indeed, going from CCSD(T)/6-31G(d,p) to CCSD(T)/6-311++G** yields the following significant improvements: for 2-methylstyrene, from to -0.34 to -0.02 eV deviation from experiment; for 2-methylphenol, from -0.4 to -0.073 eV; for phthalic acid, from -0.47 to -0.146 eV; for o-toluic acid, from -0.363 to -0.07 eV; for phthalic anhydride; from -0.519 to -0.23 eV; and for indene, from -0.374 to -0.058 eV. On the contrary, when applying the CCSD(T) method to o-tolualdehyde, the basis set should not be too large: 6-31G(d,p) yields -0.02 eV whereas the same method with the 6-311++G** basis set yields 0.26 eV deviation from the experiment. For phthaldialehyde (deviation from experiment from 0.15 to 0.36 eV), perturbations show up an nonmonotonic behavior when going from one order to the next one, and this effect is even amplified by enlarging the basis set from 6-31G(d,p) to 6-311++G**. By contrast, this behavior was found to disappear with the STO-3G minimal valence basis set which is otherwise unfortunately too poor to get quantitative agreement with the experiment, suggesting that the presence of diffuse functions might be the cause of the convergence problems that are presently encountered.
We conclude that, as a rule, second-order Møller-Plesset perturbations perform relatively well to predict the experimental IEs provided that a sufficiently large basis set is used (6-311++G** and cc-pVTZ, for example) and one has corrected for spin contamination, preferably with the ROMP2 formalism. The more expensive unrestricted coupled-cluster methods are normally expected to give even better results. However, there is no improvement in cases where the single reference perturbation series either does not converge satisfactorily (phthaldialdehyde with CCSD(T)/6-311++G**) or is still not converged at the present highest level of calculations (phthalic anhydride with CCSD(T)/6-311++G**).
Conclusion
Photoionization mass spectrometry (PIMS) in connection with synchrotron radiation has been used to study the VUV photoionization (7-15 eV) of three anthropogenic volatile organic compounds (AVOCs), o-xylene, 2-methylstyrene, and indene, as well as five of their atmospheric degradation products: o-tolualdehyde, o-toluic acid, 2-methylphenol, phthaldialdehyde, and phthalic acid. The aim of our study was to measure and/or calculate relevant thermodynamic data, such as ionization energies, fragment appearance energies, and heats of formation, hitherto unknown for the observed parent and fragment ions. Moreover, we analyzed the VUV degradation pathways of the molecules under investigation.
In the experimental part of our study, the following results have been obtained: Ionization and fragmentation appearance energies have been measured with single photon ionization. This ionization technique has never been used in the past for seven of the eight compounds under study in this work. Single photon ionization is known for high ionization cross sections in the VUV, and is thus specially adapted to measure IE and AE thresholds. The obtained values are mostly lower than those obtained from earlier electron impact ionization measurements. For two molecules (phthalic acid and phthaldialdehyde), the IE was not known at all before. The measured IEs are also in good agreement with IEs determined from PES. The results enabled us to calculate apparent heats of formation of parent and fragment ions. For the latter, we compared their ∆ f H app values to literature data, when available, and in several cases, chemical structures have been proposed for the ions and related fragmentation pathways have been suggested or confirmed. For many ionic fragmentation reactions, no AE measurements had been carried out before.
In the theoretical part of our study, we performed intensive quantum chemical calculations, on (i) the adiabatic ionization energies of the molecules studied experimentally (including also phthalic anhydride) and (ii) the heats of formation of the neutral molecules:
(i) Adiabatic ionization energies have been calculated with the aim to find the best computational method to calculate IEs for the species under study and to predict them for chemically related molecules. To our opinion, it is clear from the literature that there is no general, "state-of-the-art" method to compute first ionization energies from ab initio quantum chemical calculations, applicable for every kind of molecule. Rather, for each type of molecular system, the best method has to be found by means of careful theoretical studies.
As a general conclusion, for the molecules under study here and chemically related species, we recommend second-order Møller-Plesset perturbations with large basis sets (6-311++G** and cc-pVTZ), corrected for spin contamination with the ROMP2 formalism. The more expensive unrestricted coupledcluster methods do not give a significant further improvement at the present highest level of calculations (CCSD(T)/6-311++G**). A ZPE correction has to be included, too.
(ii) Heats of formation have been calculated with the aim to verify the accuracy of "state-of-the-art" methods (G2MP2, G3B3) for the molecules investigated here. G2B2 and G3B3 methods are rarely used for molecules of the size of those studied in this paper. According to our results, these methods can indeed be used for small aromatic molecules carrying methyl, hydroxy, aldehyde, or acid functions, once a deviation of up to 5 kJ mol -1 from the true value is acceptable. We have used the calculated heats of formation for analyzing the thermochemistry of ionic fragmentation reactions in cases where an experimental value was not available.
As has been demonstrated in the discussion, the thermochemical analysis of a fragmentation reaction often permits constructive conclusions as to the identity of the neutrals and ionic fragments. In the future we intend to calculate also heats of formation of neutral and cationic fragments produced in dissociative ionization. Those are often open-shell species and thus calculation is a priori more difficult, but would help certainly to further clarify fragmentation pathways.
Experimental and theoretical results from this study are important with respect to the analytical chemistry of the compounds. They will help (1) to assign mass peaks from photoionization mass spectrometry experiments relying on monochromatic radiation and (2) in the analysis and comprehension of online mass spectra of complex mixtures of environmental importance, such as atmospheric aerosols. Furthermore, research groups studying SOA formation can use the theoretical methods proposed here to predict IEs and ∆ f H values when needed for the interpretation of online mass spectra.
